ABSTRACT Tibial dyschondroplasia (TD) in poultry is a disorder of growth plate cartilage that fails to resorb and consequently prevents bone formation. Matrix metalloproteinases (MMP) contribute to the process of resorption through the degradation of extracellular matrices and facilitating vascularization, growth plate remodeling, and maturation. In order to understand the cause of the failure of cartilage degradation in TD, the gelatinase and collagenase activities, and the levels of collagen and glycosaminoglycans of conditioned media derived from cartilage-explant cultures of normal and TD growth plates were measured. Substrate zymography exhibited two prominent gelatinolytic and collagenolytic bands corresponding to MW 63, 59, and a broad but fuzzy band of activity between 100 and 200 kDa. On treatment with 4-aminophenylmercuric acetate, a compound that converts proenzyme forms of MMP, the 63 kDa MW gelatinolytic band migrated as a ∼60 kDa band and contributed to the broadening of the 59 kDa band. The TD-growth plate-conditioned media had significantly lower collagenolytic-gelatinolytic activities. The sulfated glycosaminoglycans, but not the collagen contents of the conditioned media from TD-explant cultures, were also reduced significantly. It is likely that the decreased matrix metalloproteinase activities of growth plate chondrocyte may contribute to a reduced turnover of extracellular matrices (ECM), leading to the retention of cartilage and its lack of vascularity in TDaffected growth plates.
INTRODUCTION
Tibial dyschondroplasia (TD) in poultry is a metabolic defect of the growth plate that results in the retention of a plug of cartilage that fails to resorb and undergo endochondral bone formation (Leach and Lilburn, 1992; Orth and Cook, 1994; Rath et al., 1994) . This defect is common in adolescent meat-type poultry that are undergoing rapid growth. Although the etiology of TD is poorly understood, it is clear that the resorption of cartilage, its remodeling, and vascularization are impaired. Degradations of extracellular matrices (ECM) are an integral feature of connective tissue remodeling, cellular migration, and vascularization (Alexander and Werb, 1991) . The growth plate, in adolescent birds and mammals, undergoes fast remodeling, resorption, and vascularization that lend to endochondral bone formation and long bone growth (Ogden et al., 1987) . Collagens and proteoglycans are the most abundant extracellular matrix components of the epiphysis. Their degradations are mediated by a closely related family of endoproteinases called matrix metalloproteinases (MMP), which, in concert with other proteinases, are capable of complete degradation of matrical components (Woessner, 1995) . The MMP are secreted by a variety of cells such as the fibroblasts, chondrocytes, macrophages, and endothelial cells that are present in the growth plate and their production is regulated by several autocrine and paracrine factors that facilitate connective tissue remodeling (Ogden et al., 1987; Ries and Petrides, 1995; Woessner, 1995) . The MMP includes collagenase, gelatinase, and stromelysins, some of which are secreted as proenzymes in association with their endogenous inhibitors (Matrisian, 1992) . Gelatin substrate zymography is a useful method to identify MMP of different molecular weights whose in vivo physiological substrate specificity may differ or overlap (Alexander and Werb, 1991; Matrisian, 1992; Ries and Petrides, 1995) . Any abnormal regulation of these enzymes is likely to lead to pathological changes in connective tissue that may result in abnormal loss of matrix or lack of remodeling, and in vascularization. It is not known whether the impairment of matrix resorption in TD is related to some defective regulation in MMP of the growth plate. The physiological microenvironment of tissues, which includes their metabolic and secretory activities, can be studied in conditioned media (CM) prepared in vitro using cells or explant cultures. We have used media conditioned with cartilage explants derived from normal and TD-affected epiphyseal growth plates of chickens to study the gelatinase/matrix metalloproteinase activities and the collagen, and proteoglycan contents to understand the mechanisms that may relate to the pathogenesis of TD.
MATERIALS AND METHODS

Tissues
Normal and TD cartilages were obtained from 6-wk-old broiler chickens that were raised in floor pens with an NRC recommended diet (NRC, 1994) from Day 1 of age. Chickens were screened at 3 wk for the presence of TD using a Lixiscope 2 and raised in separate pens thereafter at a density of 10 birds per pen. The chickens were killed at 6 wk of age using a guillotine, following which the cartilages were scraped from normal and TDaffected tibial growth plates under sterile conditions using a 1.5-mm curette. Individual growth plate-explants ∼1.5 to 2 mm thick, and weighing approximately 300 to 400 mg, were rinsed briefly in 5 mL of Dulbecco's Modified Eagle's Medium containing Ham's F-12 salt mixture (DMEM/ F-12) 3 and antibiotics (100 U penicillin, 100 mg streptomycin, and 0.25 mg amphotericin B/mL). The explants were then incubated in 1.5 mL of the same medium in a 24-well plate in a humidified incubator with 95% air and 5% CO 2 for 24 h at 37 C. The conditioned media were centrifuged at 14,000 × g at 4 C and the supernatant stored at -20 C for further analyses.
Protein Determination
The total protein content of the conditioned media and homogenate were determined using the Bradford dye binding assay. 4 When necessary, the protein content of conditioned media from different birds was adjusted to an identical concentration using DMEM/F-12 culture media, and blank medium was used as a control for all determinations.
Determination of Collagenase
The collagenase activities were determined by the ability of the conditioned media to digest Type IV collagen. The method used was a modification of the procedure described by Nethery et al., (1986) . Briefly, Type IV human placental collagen was dissolved in 0.2% acetic acid and diluted to a concentration of 0.64 mg/mL in 100 mM Tris-HCl/200 mM NaCl buffer, pH 7.8 and coated onto 96-well micro titer plates 5 at a volume of 50 mL (16 mg), incubated at 37 C in a humidified chamber for 24 h, followed by drying at 37 C overnight. The wells were rinsed with 250 mL distilled water twice for 2 min and the conditioned media diluted to a concentration of 10 mg of protein in 100 mL of buffer containing 0.1M NaCl, 50 mM Tris HCl, 5 mM CaCl 2 , 0.02% Na azide, pH 7.5. Because certain proenzyme forms of MMP are converted to active forms by 4-aminophenylmercuricacetate (APMA; Alexander and Werb, 1991) , conditioned medium was activated by incubating in a final concentration of 2 mM APMA in 1% dimethyl sulfoxide for 1 h at 37 C then diluted to similar protein concentrations. Samples were applied in duplicate (50 mL, 10 mg protein) to collagencoated wells and incubated for 24 h. At the end of incubation, the wells were rinsed twice with distilled water, 5 min each, and reacted for 1 h with 100 mL of 0.1% Sirius red 6 in saturated picric acid, to quantify collagen (Walsh et al., 1992) . The wells were washed twice with 300 mL of distilled water followed with 10 mM HCl 5 min each twice to remove nonspecific Picro-Sirius red binding to wells. The bound dye was eluted with 100 mL of 0.1M NaOH and read at 550 nm in a micro plate reader. 7 Blank media was used as the control. The average of duplicate wells was used for calculations. The relative percentage of collagenolysis was calculated as follows:
[1 -(OD of sample wells/OD of control wells)] × 100.
Cumulative results from seven samples in each group of normal and TD-affected chickens were analyzed using Student's t test (SAS Institute, 1988) .
Substrate Zymography
Gelatin and collagen IV impregnated substratezymography was carried out according to Herron et al. (1986) . An 11% sodium dodecyl sulfate-polyacrylamide slab gel was impregnated with gelatin or Type IV human placental collagen at a concentration of 0.1% prepared according to Laemmli (1970) . Conditioned media diluted to an identical quantity of protein was mixed with 2× concentrations of nonreducing sample buffers (Laemmli, 1970) and electrophoresed at 100 constant voltages, 35 mA for ∼1.5 h in a Mini Protean II slab gel system. 3 In some experiments, preincubation with 4-APMA was done as above for 10 min to 1.5 h prior to dilution with sample buffers before electrophoresis. The gels were washed for 30 min with 2.5% Triton X-100 with two successive changes and rinsed briefly in a collagenase buffer (50 mM Tris HCl, 5 mM CaCl 2 , 100 mM NaCl, 0.02% Na azide, pH 7.4), and incubated in the same buffer for 6 to 24 h at 37 or 23 C. For longer incubation periods, room temperature (23 C) was preferred, as it slowed down the reaction and enabled better distinction of bands. Inhibitors of different protease specificity were spiked into a collagenase buffer prior to the incubation of gels. The gels were stained in Coomassie brilliant blue and destained according to standard procedures. A prestained molecular weight standard 8 was used to determine the approximate molecular weights of gelatinolytic components. The inhibitory ability of ethylenediaminetetraacetic acid (EDTA, a divalent cation chelator and matrix metal-9 Serva Feinbiochemica, Heidelberg, Germany. 10 Sigma Chemical Co., St. Louis, MO 63178-9916. loproteinase inhibitor), phenylmethylsulfonylfluoride (PMSF, a serine protease inhibitor), and 1,10 phenathroline (a matrix metalloproteinase inhibitor) on gelatinolytic activities were tested by including these compounds in the incubation buffer to a final concentration of 10 mM with respect to buffer.
Determination of Collagen and Sulfated Glycosaminoglycan Contents
The conditioned medium was hydrolyzed in 6N HCl at 110 C for 24 h for the determination of hydroxyproline content of the samples according to a micro titer plate assay method of Cawston et al. (1994) . The hydroxyproline data was converted to collagen by multiplying each value by 7.46 based on the assumption that 13% of collagen is hydroxyproline. Sulfated glycosaminoglycan content was estimated by the 1,9-dimethyl methylene blue 9 dye binding procedure as described by Chandrasekhar et al. (1987) using chondroitin 4-sulfate as the standard. The quantitative results were compared using Student's t test (SAS Institute, 1988) . All chemicals were purchased from Sigma Chemical Co. 10 unless otherwise stated.
RESULTS
The hydroxyproline, sulfated glycosaminoglycan contents, and collagenase activities of the conditioned media are shown in Table 1 . There was a significant decrease in the glycosaminoglycan content in conditioned media derived from TD cartilages. However, the collagen content did not show any significant difference between the normal and TD tissues. A significantly lower collagenolytic activity of the TD-conditioned media was evident (Table 1) .
A typical comparison of MMP activities between normal and TD cartilage conditioned media by gelatin zymography is shown in Figure 1 . Two prominent gelatinase activities corresponding to MW approximately 63 and 59 kDa, and a broad but a fuzzy band of activity between 100 and 200 kDa were evident. The conditioned media derived from TD cartilage had consistently lower gelatinolytic activities than normal conditioned media equalized to identical protein concentrations. The broad band of gelatinolytic activity did not show any qualitative difference between normal and TD cartilage, nor was it affected by treatment with APMA. On short-term treatment with APMA, the 63 kDa gelatinase was reduced to a ∼60 kDa band (Figure 2a) and after 1 h of treatment it contributed to the broadening of 59 kDa MW band. Inclusion of either EDTA or 1, 10 phenanthroline, divalent cation chelator, in the incubation media abolished the gelatinase activities of the CM that was not affected by PMSF. The gelatinase bands closely corresponded to Type IV collagenase bands (Figure 2b ).
DISCUSSION
Matrix metalloproteinases have been implicated in growth plate remodeling and calcification (MikuniTakagaki and Cheng, 1987; Brown et al., 1993) . Our results show that both normal and TD cartilages have collagenase/gelatinase activities that may be involved in the resorption and turnover of extracellular matrices in the growth plate. The TD-affected cartilage explants however, showed significantly lower collagenasegelatinase content by quantitative methods and qualitative judgment of zymograms. The reduced biological activities' MMP may relate to reduced resorption and remodeling of the growth plate cartilage. The chicken gelatinases have been isolated in conditioned media of skin fibroblasts (Craig et al., 1991) , and from embryonic tibial explant cultures (Mikuni-Takagaki and Cheng, 1987; Cole et al., 1993) . The tibial culture conditioned media have been shown to have both proteoglycan and Type X collagen degrading activities. Our results show the presence of two distinct bands of gelatinase in the growth plate explant CM that correspond to MW approximately 63 and 59 kDa and a broad but fuzzy band between 100 and 200 kDa. These MW are in general agreement with those reported in the literature (Mikuni-Takagaki and Cheng, 1987; Craig et al., 1991; Cole et al., 1993) . The gelatinolytic bands also corresponded to the collagenolytic bands observed using Type IV collagen as substrate. The 63 kDa MW gelatinase was reduced to an intermediate 60 kDa MW band on short term treatment with 4-APMA and contributed to the broadening of the 59 kDa band at 1 h of activation. The 59 kDa band may be the activated form of the 63 kDa band gelatinase. The susceptibility of the gelatinase to inhibition by EDTA, and 1, 10 phenanthroline is a characteristic feature of metalloproteinases. Although the exact function of gelatinases in the metabolism of different ECM components in the growth plate remains to be understood, it is known to regulate remodeling, vascularization, and calcification of cartilage in concert with other proteinases such as cathepsin (Mikuni-Takagaki and Cheng, 1987; Blair et al., 1989; Matrisian, 1992; Brown et al., 1993; Sires et al., 1995) . It is possible that a down-regulation of MMP may contribute to a reduced resorption of ECM, failure of vascularization, and to the persistence of the cartilage in TD. This effect was also evident by a reduction of sulfated glycosaminoglycans in TD-cartilage-conditioned media. Lowther et al. (1974) observed both decreased synthesis and degradation of proteoglycans in dystrophic cartilage plugs of chickens. The absence of any difference in the collagen content of conditioned media derived from normal and TD cartilage was intriguing. However, this discrepancy could also be due to the differences in the rate of turnover of different ECM components that has been observed using normal cartilage organ cultures, in which degradation of proteoglycans preceded collagen by several days (Cole et al., 1993) . Therefore, if there was any difference in the collagen degradation between normal and TD-cartilage explants, it was not discernible during the 24 h periods of culture in our experiment. A variety of cytokines and growth factors regulate the expression and secretion of MMP by the skeletal tissues, which, in turn, may control the turnover of ECM and remodeling (Schnyder et al., 1987; Smith et al., 1989) . Fibroblast growth factors (FGF) for example, induces collagenase in skeletal tissues and facilitates angiogenesis (Ries and Petrides, 1995; Varghese et al., 1995) , and TD-affected cartilage has been shown to be deficient in FGF (Twal et al., 1996) . On the other hand, the ability of TD-affected chondrocytes to respond to these regulatory cytokines and growth factors may be only a part of this problem. Studies from other laboratories have demonstrated that active resorption of cartilage matrices requires the presence of viable chondrocytes and vascular cells (Gibson et al., 1995) . Recent data from our laboratory showed an extensive apoptosis occurring in TD-affected cartilages (Rath et al., 1996) that may secondarily affect an overall decrease in cartilage metabolism of the TD growth plate.
The cartilage extracellular matrix may contain factors that prevent invasiveness of endothelial cells and capillaries; these factors can be removed through degradation of ECM (Kuettner and Pauli, 1983; Moses et al., 1992) . Similarly, degradation of ECM may cause the release of matrix-bound activating factors that would promote angiogenesis (Hirshman and Dziewiatkowski, 1966; Brown et al., 1993; Fisher et al., 1994) . In the absence of matrix degradation, the persistence of cartilage is likely to occur. In conclusion, our results indicate that reduced levels of ECM degrading MMP in TD growth plates may be partly responsible for the occurrence of this defect. and D. Barnes and S. Chandrasekhar for helpful suggestions.
